The deposition of stiff and strong coatings onto porous templates offers a novel strategy for fabricating macroscale materials with controlled architectures at the micro-and nanoscale. Here, layer-by-layer assembly is utilized to fabricate nanocomposite-coated foams with highly customizable properties by depositing polymer-nanoclay coatings onto open-cell foam templates.
high mechanical properties theoretically predicted for nanocomposites with high volume fractions of reinforcement. 6 Layer-by-layer (LbL) assembly is a template-assisted method for fabricating multilayer films with nanometer-scale precision over thickness and composition. The process relies upon electrostatic interactions to drive the sequential adsorption of oppositely charged species onto a substrate, resulting in the formation of multilayer, nano-laminated coatings. 7 LbL assembly is capable of fabricating polymer nanocomposites with exceptionally high contents of welldispersed nano-reinforcement (approximately 50-70 volume %), and with correspondingly high stiffness (tensile moduli as high as 15.7 to 125 GPa). [6] [7] [8] [9] [10] The total thickness of an LbL assembled film is determined by the number of times an alternating deposition cycle of anionic and cationic species is repeated, 11, 12 but the nano-to microscale thickness per deposition cycle typical for LbL assembly is a major limitation of the technique and an impediment to utilizing the resulting materials for macroscale applications. 13 LbL assembly of conformal coatings onto three-dimensional porous templates, such as foams, colloidal crystals, and hollow tubes has been implemented for a variety of applications, [14] [15] [16] [17] [18] [19] but these studies have largely focused on modifying the surfaces of these materials rather than altering the porous structure and bulk mechanical behavior. In this work, a polymer nanoclay composite coating is deposited onto open-cell foam templates using LbL assembly, emulating a general strategy that is used to produce porous materials from thin films. 20 The structural and physical properties, as well as the mechanical behavior of the resulting nanocomposite-coated foams are characterized and the relationship between mechanical properties and the change in porous structure is qualitatively captured by scaling laws for open-cell foams. This approach offers a pioneering strategy for utilizing the unique properties of nano-to microscale LbL assembled materials to create bulk materials for macroscale applications. The nanocompositecoated foams fabricated in this study span a wide range of the material-property space, and the fabrication strategy offers a general approach for manufacturing materials with predicted properties spanning several orders of magnitude and that are suitable for anticipated applications including functional tissue engineered bone scaffold and lightweight structures.
Nanocomposite-coated foams were prepared using high porosity (approx. 98%), open-cell polyurethane (PU) foams as templates for LbL assembly. LbL assembly was conducted in a closed chamber, through which the alternating flow of electrolyte solutions was controlled using a custom-built apparatus. A nanocomposite coating consisting of polyethyleneimine (PEI), polyacrylic acid (PAA), and bentonite nanoclay was utilized for the large thickness per PEI/PAA/PEI/nanoclay quadlayer (approx. 1 μm) and high mechanical stiffness (elastic modulus, E = 15.7 GPa) reported by Podsiadlo et al. for a similar material system. 8 After washing with 1M NaOH solution and drying for 24 h, foam templates were sequentially subjected to 1 wt% polycationic PEI solution with pH 10.5 for 30 s, 1 wt% polyanionic PAA solution with pH 8 for 30 s, the same PEI solution for 30 s, and 1 wt% anionic bentonite nanoclay solution with pH 10 for 30 s. The introduction of each electrolyte solution into the chamber was punctuated by a thorough rinse with deionized (DI) water to prevent intermingling of the oppositely charged solutions. The assembly of a single PEI/PAA/PEI/nanoclay quadlayer was repeated a total of five times before the foam specimen was removed and dried for 24 h under ambient conditions (approximately 23°C and 30% relative humidity). Additional quadlayers were applied by repeating this procedure until the desired total number of quadlayers was achieved.
The morphologies of uncoated foam templates and nanocomposite-coated foams with coatings ranging from 10 to 60 quadlayers were investigated using scanning electron microscopy (SEM) to inspect cryo-fractured specimens. The thickness increased from 3.71 ± 1.83 µm for 10 quadlayers to 14.77 ± 5.49 µm for 60 quadlayers (p < 0.05), indicating a mean thickness per quadlayer of 0.246 µm, which is consistent with that of similar material systems. 8, 15, 22 The variability in coating thickness is consistent with the observations of Kim et al., 22 who reported similar variations in the thickness of LbL-assembled coatings onto foam templates.
The consistent increase in the mass of nanocomposite-coated foams as a function of the number of quadlayers deposited is also shown in Figure 2 . A linear regression fits the data well (R 2 = 0.941), and the slope indicates a mean mass per quadlayer of 0.499 mg. The mean mass after assembly of 60 quadlayers (62.31 ± 7.82 mg) was approximately double that of an uncoated foam (32.37 ± 2.91 mg). Control samples consisting of PU foams immersed in solutions of only PEI, PAA, nanoclay, or DI water for the period of time required to assemble a 60 quadlayer coating exhibited no significant change in mass (p = 0.872).
Two of the most important parameters characterizing the cellular structure and properties of foams are strut thickness and cell size. These parameters were measured from SEM images and from microCT data for both uncoated foams and foams coated with 60 quadlayers, and are presented in Table 1 . The difference in the mean strut thickness for coated and uncoated foams is 37 ± 18 µm based on SEM data, or 19 ± 2 µm based on microCT data, both of which are consistent with twice the mean coating thickness of 14.77 ± 5.49 µm presented in Figure 2 for 60 quadlayer coatings. The smaller coating thickness implied by the microCT data can be explained by the lower resolution of this imaging technique, 23 and by the two-vs. three-dimensional nature of these datasets. The difference in the mean cell size for coated and uncoated foams is difficult to compare due to the large variability of this parameter within the uncoated foam templates, as indicated by the large standard deviations in Table 1 . The porosity measured using microCT decreased from 98.8% for uncoated foam templates to 96.6% for foams coated with 60 quadlayers, indicating the negligible effect of these coatings on the overall porosity of the foams. To confirm that the mechanical testing conducted at 10 quadlayer intervals did not affect the mechanical properties, additional nanocomposite-coated foam specimens were mechanically tested only after complete assembly of 60 quadlayer coatings. The results of these tests are included in Figure 3b , and indicate no statistically significant difference (p = 0.792) when 
where coating is the elastic modulus of the coating material.
Equations (1) and (2) were used to predict the density, porosity and compressive modulus of nanocomposite-coated foams for various coating thicknesses (Dt). The dimensions of the base material (t o , l o ) were taken from the SEM data for uncoated foams in Table 1 , and the density of the base material was taken as 1200 kg m -3 for polyurethane. 24 The density of the coating material was experimentally determined as coating = 343± 21 kg m -3 (see SI for details). A range of values for the elastic modulus of the coating (from E coating = 0.6 GPa to 1.4 GPa) was used to predict the trend lines plotted in Figure 3c for coated foams, which bound the experimental data.
The scaling laws in Equations (1) and (2) qualitatively capture the experimental data well, despite the simplified cubic unit cell geometry, with R 2 = 0.827 for the trend line with E coating = 0.8 GPa.
The presumed range of elastic modulus for the coating material is consistent with tensile testing of the coating on a flexible carrier substrate, which yielded E = 0.601 ± 0.518 GPa, and also with additional testing of the coating as detached stand-alone films, which yielded E = 1.67 ± 1.06 GPa (see SI for details). These moduli are lower than reported for similar material systems (15.7 GPa and 15.4 GPa for PEI/PAA materials with and without nanoclay, respectively) 8,10 but are consistent with the much lower stiffness reported for PEI/PAA when produced under different LbL assembly conditions (approx. 0.225 GPa). 26 The pH of solutions has been identified as a contributing factor affecting the degree of ionic crosslinking and interdiffusion of PEI/PAA, 27 and is a likely contributor to the lower modulus obtained in this study.
Humidity is also known to have a significant effect on the stiffness of multilayered materials 28 and may also have contributed to the lower-than-expected moduli, and to the high standard deviations obtained for the modulus of the coating material. 29 which would make these materials competitive with the lightest and stiffest carbon-fiber reinforced polymer (CFRP) lattice and honeycomb materials. 30 Appropriate thicknesses and/or combinations of coating materials would allow a vast range of properties for nanocomposite-coated foams, and enable the possibility to "dial in" specific properties for a particular application and fabricate an appropriate material accordingly.
In conclusion, LbL assembly was implemented to prepare nanocomposite-coated foams with uniform conformal coatings and controllable thickness. The structure and physical properties of the foams evolved in a regular and predictable manner, with strut thickness and mass increasing, and cell size and porosity decreasing as the coating thickness increased. Compressive testing revealed a rapid increase in the elastic modulus of the foams that spanned an order of magnitude.
The changes in physical and mechanical properties were qualitatively captured by modified scaling laws for elastic modulus and density based on a simple cubic unit cell model of open-cell foams. Using these models to extrapolate this general fabrication strategy to different material systems produced via LbL assembly, a class of nanocomposite-coated foam materials was predicted that spans a remarkable range of property space extending from regions of very soft elastomer foams to very stiff, lightweight honeycomb and lattice materials. It is anticipated that these highly customizable materials with tunable physical and mechanical properties will find useful application as lightweight structures, or in development of tissue engineered bone scaffolds.
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